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Abstract 

Among the different aspects of recent progress in the field of metallocarboxypeptidases has been the elucidation of the 
three dimensional structures of the pro-segments (in monomeric or oligomeric species) and their role in the expression, 
folding and inhibition/activation of the pancreatic and pancreatic-like forms. Also of great significance has been the cloning 
and characterization of several new regulatory carboxypeptidases, enzymes that are related with important functions in 
protein and peptide processing and that show significant structural differences among them and also with the digestive ones. 
Many regulatory carboxypeptidases lack a pro-region, unUke the digestive forms or others in between from the evolutionary 
point of view. Finally, important advances have been made on the finding and characterization of new protein inhibitors of 
metallocarboxypeptidases, some of them with interesting potential applications in the biotechnological/biomedical fields. 
These advances are analyzed here and compared with the earher observations in this field, which was first explored by Hans 
Neurath and collaborators. © 2000 Elsevier Science B.V. All rights reserved. 
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1. Metallocarboxypeptidases 

Carboxypeptidases are exopeptidases that catalyze 
the hydrolysis of peptide bonds at the C-terminus of 
peptides and proteins. This enzymatic action may be 
carried out by at least two different kinds of enzymes 
with different catalytic mechanisms: metallocarboxy- 
peptidases, which possess a tightly bound Zn^"^ atom 
directly involved in catalysis, and serine-carboxypep- 
tidases, which contain a reactive Ser residue at the 
active site that belongs to the Ser/His/Asp triad char- 
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acteristic of serine proteinases. Among metallocar- 
boxypeptidases, the most thoroughly studied group 
of enzymes is that of family M14 in the Barrett-Raw- 
lings-Woessner classification [1]. This review will fo- 
cus on the description of some members of this fam- 
ily and their protein inhibitors. 

Depending on the criteria used, carboxypeptidases 
can be classified in different ways. For instance, met- 
allocarboxypeptidases are not homogeneous with re- 
gard to their zinc-binding motifs and can be classified 
into distinct groups based upon their zinc binding 
site [2,3]. Among the members of family M14, car- 
boxypeptidases may also be classified upon the basis 
of their substrate specificity. Carboxypeptidase 
A-like enzymes have a preference for hydrophobic 
C-terminal residues, and B-Hke enzymes cleave only 
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the C-terminal basic residues Lys or Arg. The A 
forms can be subdivided into the Al and A2 iso- 
forms, the latter exhibiting a preference for C-termi- 
nal bulky aromatic residues [4-6]. Two subfamilies of 
M14 can be defined based upon sequence homology 
and overall structure : those of carboxypeptidase A, 
the structural prototype for most metallocarboxy- 
peptidases, and carboxypeptidase E/H. The degree 
of amino acid identity is greater than 40% within 
each subfamily and about 15-20% between subfami- 
lies. The two groups also differ in the length of their 
enzyme domains, which is about 310 residues for the 
members of the carboxypeptidase A subfamily and 
more than 100 residues longer for the members of 
the carboxypeptidase E/H subfamily. The only exam- 
ples of multisubunit or multicatalytic domain struc- 
tures are found within the members of the latter 
subfamily, which frequently appear to be glycosylat- 
ed. 

An alternative subdivision is also possible based 
on the involvement of the enzymes in specific phys- 
iological processes: pancreatic carboxypeptidases Al, 
A2 and B typically function only as digestive en- 
zymes, whereas the rest of mammalian carboxypep- 
tidases, including carboxypeptidase A from mast 
cells and carboxypeptidase U (or plasma carboxy- 
peptidase B), exert their action in various physiolog- 
ical processes, mainly in non-digestive tissues and 
fluids, and have been called 'regulatory carboxypep- 
tidases' because of their involvement in more selec- 
tive processing reactions [7]. 

l.L Structure and catalytic mechanism 

Carboxypeptidase A is the prototype zinc pepti- 
dase, and it was the third protein and the first 
Zn^"*" metalloenzyme for which a high resolution 
structure was obtained [8]. The current knowledge 
on the structure, enzymatic action and general be- 
havior of carboxypeptidases results, to a significant 
extent, from the excellent seminal work of Hans 
Neurath, William N. Lipscomb and Bert L. Vallee 
and their collaborators. 

Crystal structures are now available for pancreatic 
pro- and carboxypeptidases Al, A2 and B [9-15] and 
for other metallocarboxypeptidases such as carboxy- 
peptidase T [16], G2 [17] and Zinc-D-Ala-D-Ala car- 
boxypeptidase [18]. No three-dimensional (3-D) 



structure has yet been reported for a member of 
the regulatory group. However, an essential overall 
similarity must exist between the active sites of pan- 
creatic-like and regulatory carboxypeptidases since 
they all share a zinc binding motif of the type 
HXXE...H, where the three zinc Hgands are a histi- 
dine, a glutamate located two residues downstream 
and a second histidine located 108-135 amino acids 
further to the C-terminus from the first histidine. 
They all conserve the residues that are essential for 
activity at similar locations in the sequence. 

Crystallographic and kinetic studies of complexes 
of bovine carboxypeptidase Al with natural or syn- 
thetic inhibitors [19-23] and kinetic studies per- 
formed on recombinant mutant forms [24,25] have 
made this enzyme one of the most thoroughly 
studied, and often used as an example of catalytic 
mechanism in textbooks. However, a controversy 
still subsists between the two hypotheses launched 
to explain the catalytic mechanism of the enzyme 
[8,26]. The acyl pathway hypothesis proposes the ex- 
istence of a covalent acyl enzyme intermediate where- 
as the promoted-water pathway requires a simulta- 
neous polarization of the substrate carbonyl group 
by the zinc ion and a zinc-promoted activation of a 
water molecule, which directly attacks the scissile 
peptide bond [21], Arguments are currently in favor 
of the promoted-water pathway [27,28] where a pen- 
tacoordinated zinc polarizes a water molecule to at- 
tack the scissile peptide bond of the substrate, lead- 
ing to a tetrahedral intermediate/transition state. 

The zinc binding residues are His-69, Glu-72 and 
His-196 (numbering of carboxypeptidase Al). From 
crystallographic studies a number of amino acids 
have been defined as important for substrate binding 
and catalysis and can be classified in several subsites : 
Asn-144, Arg-145, Tyr-248 in SI'; Arg-127 and Glu- 
270 in SI; Arg-71, Ser-197, Tyr-198 and Ser-199 in 
S2; Phe-279 in S3 and Glu-122, Arg- 124 and Lys- 128 
in S4. The terminal carboxylate group of the peptide 
substrate is fixed by Asn-144, Arg-145 and Tyr-248, 
while the carbonyl group of the scissile peptide bond 
is positioned near Glu-270, Arg-127 and the zinc. All 
these residues are conserved among digestive car- 
boxypeptidases and many of them in regulatory car- 
boxypeptidases, the most important differences being 
restricted to the amino acids that define specificity of 
substrate or are located at surface regions. 
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1.2. A variety of functions: digestive and regulatory 
carboxypeptidases 

The hydrolysis of peptide bonds at the C-terminus 
of peptides and proteins carried out by carboxypep- 
tidases may be a step in the degradation of some 
substrate molecules or result in the maturation of 
others. The physiological effect of these enzymes, as 
for every type of protease, is thus varied and site- 
and organism-dependent. Tv^o main groups of car- 
boxypeptidases can be defined in family M14 with 
respect to the type and location of their physiological 
functions: the digestive (or pancreatic) carboxypepti- 
dases, whose primary function is to act on the deg- 
radation of intake proteins, and the regulatory car- 
boxypeptidases, whose substrates are normally 
biologically active peptides in non-digestive tissues 
and fluids. Most of the members of the latter group 
are also called 'basic' carboxypeptidases because they 
are usually specific for C-terminal basic residues. 

Carboxypeptidase A from mast cells and carboxy- 
peptidase U (or plasma carboxypeptidase B) are the 
two regulatory carboxypeptidases that are closer in 
structure to the pancreatic ones, with a degree of 
sequential identity greater than 40%. They are the 
only proteins within this group that are synthesized 
with a pro-peptide of the same length as the pancre- 
atic forms. The first one is found in the secretory 
granules of mast cells, where it forms macromolecu- 
lar complexes with proteoglycans. Granule-bound 
carboxypeptidase A is fully active [29,30] and cleaves 
peptide substrates in tandem with other proteases. 
The precise role of this carboxypeptidase is still to 
be defined, although it may obviously be related with 
pathological conditions in which mast cells have been 
implicated, Uke allergic responses, inflanmiation and 
others [31]. Carboxypeptidase U, a carboxypeptidase 
B-like enzyme from plasma, is found in blood as a 
zymogen [32] and has been defined as a thrombin- 
activable fibrinolysis inhibitor [33]. Its activation is in 
fact modulated by the thrombin-thrombomodulin 
complex where the epidermal growth factor-like do- 
main 3 of the latter seems to play an essential role 
[34]. Because of its affinity for basic C-terminal res- 
idues, carboxypeptidase U may release lysines at the 
binding sites for plasminogen on the surface of cells 
and on fibrin, and seems to modulate plasminogen 
activation and the rate of fibrinolysis. 



The other regulatory carboxypeptidases do not 
possess an inactivating propeptide like those of the 
forms previously commented upon, although car- 
boxypeptidase E is synthesized with a N-terminal 
14-residue propeptide which is well conserved among 
species [35]. Carboxypeptidases E and D are involved 
in the processing of biologically active peptides and 
their distribution indicates that the number of their 
possible peptide substrates is very large [36-38]. This 
is even more clear in the case of carboxypeptidase D, 
found in almost all tissues examined [39]. Carboxy- 
peptidase D is the sole member of the regulatory 
group which occurs as a multidomain (but single- 
chain) protein. It has three carboxypeptidase do- 
mains, the third one being catalytically inactive 
[37,40]. Met- and Leu-enkephahn, insulin, vasopres- 
sin and many others are peptide substrates for car- 
boxypeptidase E, while proteins that are secreted via 
the constitutive pathway, such as growth factors and 
growth factor receptors, are likely to be substrates 
for carboxypeptidase D [39]. 

Carboxypeptidase M was first purified and charac- 
terized from human placental microvilli [41]. It is a 
widely distributed membrane-bound ectoenzyme 
which is found at high levels in placenta and lungs 
and also in a variety of tissues and cells. Carboxy- 
peptidase M can be solubilized after release of its 
hydrophobic anchor to the membrane by treatment 
with phosphatidylinositol-specific phospholipase C 
and trypsin [42]. The localization of carboxypepti- 
dase M in the plasma membrane indicates that it 
could participate in the control of peptide hormone 
activity at the cell surface, in the modulation of re- 
ceptors and in extracellular protein processing or 
degradation. Among other processes, carboxypepti- 
dase M has been implicated in the metabolism of 
growth factors from its capacity for generating des- 
Arg53-EGF [43] and the coincidence of distribution 
of carboxypeptidase M and epidermal growth factor. 
The enzyme could also be involved in protective 
functions at the alveolar surface and in inflanmiatory 
and other pathological processes. 

Carboxypeptidase N is the largest regulatory car- 
boxypeptidase described. It is synthesized in the liver 
and released in the blood where it is present at high 
concentrations (30 |ig ml"^). It cleaves an ample va- 
riety of peptide and protein substrates and is the 
major blood-borne inactivator of potent peptides 




Fig. 1. Ribbon plot of the 3-D structure of pancreatic procarboxypeptidase Al. The single-polypeptide zymogen is represented in a 
gray scale to highlight the different conformational elements. Light gray: enzyme domain; medium gray: connecting segment; dark 
gray: activation domain. The last two elements form the activation segment (or pro-segment) which is scissed after tryptic activation. 



such as kinins and anaphylotoxins. It is believed that 
carboxypeptidase N has a general protective function 
in blood [7], as shown by a number of clinical stud- 
ies. To be fully active, carboxypeptidase N needs the 
presence of the catalytic (50-5 kDa) subunit and the 
accompanying glycosylated 83 kDa subunit [44]. The 
latter protects the former from degradation and also 
impedes its removal from the blood by glomerular 
filtration [45]. 

Other members of the regulatory carboxypeptidase 
subfamily include carboxypeptidases Z [46], XI [47] 
and X2 [48]. Transcripts of pancreatic carboxypepti- 
dases have been detected in extrapancreatic tissues, 
including brain [49], where they appear to be the 



product of alternative splicing. The continuously in- 
creasing knowledge about the variety of functions in 
which carboxypeptidases are involved makes of this 
field of research a very dynamic one. 

The biomedical and biotechnological applications 
of carboxypeptidases are currently being explored. A 
few but significant reports describe the use of human 
carboxypeptidases to produce enzymes with a re- 
versed specificity [50] or to generate enzyme-antibody 
conjugates used in the antibody-directed enzyme pro- 
drug therapy (ADEPT) [51,52]. A deep knowledge of 
the structure of human carboxypeptidases and of the 
effects of their redesign are needed to generate prod- 
ucts of therapeutic value. 
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1.3. Procarboxypeptidases: general features and 
oligomeric association 

Pancreatic and pancreatic-like carboxypeptidases 
are synthesized as inactive precursors or zymogens. 
As for the active enzymes, the pro-carboxypeptidases 
were among the first zymogens to be studied and 
characterized through the pioneering work of Hans 
Neurath and collaborators [53,54]. Procarboxypepti- 
dases are peculiar among pancreatic proenzymes in 
that their pro-peptides are remarkably long: they 
may vary from 94 to 96 residues, which accounts 
for about one-fourth of the molecule. The synthesis 
of proteases in the form of a zymogen is a well- 
known control mechanism that avoids the deleterious 
effects of placing such enzymes at improper times or 
locations and permits release of their activities only 
after specific limited proteolysis [55]. In this particu- 
lar case, however, the pro-peptides or activation seg- 
ments, besides maintaining the enzyme inactive in the 
pre-secretional phase, also act in some cases as a 
post-activation mechanism of control (see further 
on). 

The detailed 3-D structures of monomeric procar- 
boxypeptidases Al, A2 and B have been determined 
[12,13,15]. The structure of the enzyme moiety in the 
zymogens is almost identical to the structure found 
in the isolated active enzymes [10,56]. In the three 
cases, the activation segment adopts the structure 
of a globular domain that covers the wide active 
site depression of the enzyme (Fig. 1). Besides the 
monomeric forms found in most species, procarboxy- 
peptidases also occur either as non-covalent binary 
complexes with proproteinase E or chymotrypsino- 
gen C or as ternary complexes with the two serine 
proproteinases; the occurrence of the different oHgo- 
meric complexes is species-dependent. It exists in ru- 
minants where the balance is shifted towards the for- 
mation of ternary complexes [57-59]. It is interesting 
to note that proproteinase E (now pancreatic endo- 
proteinase E [1]) was described for many years as a 
N-terminal truncated form called subunit III that 
could not be activated by trypsin because of the 
lack of the N-terminal dipeptide essential for the 
definition of the active site [60]. However, it was 
subsequently shown that such a truncation is not 
present in the native form of the molecule but is 
artificially produced during the isolation [61]. 



The arrangement of the subunits in the bovine 
ternary complex explains the decreased rate of pro- 
teolytic activation of the procarboxypeptidase A sub- 
unit, a phenomenon also observed with binary com- 
plexes [62,63]. It is a combined effect of a decreased 
accessibility of the tryptic activation targets and the 
stabiUty of the complex that leads to the slow acti- 
vation rate observed. The resolution of the 3-D 
structure of the native ternary complex [14,64] con- 
firms this view, showing that the activation region of 
procarboxypeptidase A is in contact with the other 
two subunits (Fig. 2) making the access of both the 
activating protease and the substrates difficult. On 
the other hand, the activation sites of the other two 
serine proproteinases are exposed to the solvent and 
freely accessible to proteolytic attack. The ohgomeric 
organization of the complex probably has a function- 
al role and suggests a sequential activation of the 
different subunits. The bovine ternary complex is 
thus an excellent example of the correlation between 
quaternary structure and biological activity: while 
the association with the two serine proproteinases 
hinders limited proteolysis of procarboxypeptidase 
A, the activation segment both prevents carboxypep- 
tidase A activity expression and maintains the com- 
plex stable until its trimming has been extensive 
enough, leading to the release of all the mature 
monomeric enzymes. 

2. The pro-segments: autologous inhibitors 

Pancreatic-like metallocarboxypeptidases are kept 
inactive until their action is needed by the presence 
of a long N-terminal activation segment, pro-region 
or pro-peptide. The activation segments are autolo- 
gous protein inhibitors of carboxypeptidases but they 
are not the only known protein inhibitors of such 
enzymes. 

2.1. From N-terminal tails to intramolecular 
chaperones 

The initial reports on procarboxypeptidases did 
not pay much attention to the structure of the pro- 
segments and the functional implications of their 
presence in the newly synthesized zymogen partially 
due to their difficult isolation and handling, although 
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Fig. 2. A scheme for the activation of the ternary complex of bovine procarboxypeptidase Al. (a) Trypsin is able to readily cleave the 
exposed activation targets of chymotrypsinogen C (CTGC) and proproteinase E (PPE) while most of the procarboxypeptidase A 
(PCPA) remains uncleaved due to the maintenance of the ternary complex even if some cleavage has occurred at the almost inaccessi- 
ble primary scissile peptide bond of PCPA. The strong binding between CPA and its activation segment (AS) is basic for the stability 
of the ternary complex, (b and c) The initially slow action of trypsin on the PCPA primary target releases a slowly increasing popula- 
tion of molecules with destabilized quaternary structure that finally leads to (d) Cleavage of the secondary tryptic targets, disassocia- 
tion of the complex, release of full CPA activity and full degradation of the activation domain (AD), the globular part of the activa- 
tion segment. 



the pioneering work of Neurath and co-workers 
[62,65] and other groups [66,67] had defined the basis 
for their study. 

The fate of the pro-peptides after tryptic activation 
of the pancreatic zymogens is, in the long term, their 
degradation to the constituent amino acids. How- 
ever, some reports point out the presence of the 
pro-segment of pancreatic carboxypeptidase B in 
urine in cases of acute pancreatitis and describe a 
relatively slow turnover rate [68,69]. The isolation 
of pro-segments from a protease-rich medium proved 
to be difficult; the first report on their structure dates 
from 1982 [70]. The globular parts of the pro-seg- 
ments of pancreatic carboxypeptidases were found 
to be independently folding units of remarkable 
stabihty. More recent reports have discussed the 
properties of the activation segments, not only as 
modulators of the activation processes, but also as 
important elements for the proper folding of the en- 
zyme moiety. Thus, it has been observed that the 



presence of this fragment greatly faciUtates the het- 
erologous expression of the proenzymes [71,72], with 
the pro-segment probably assisting in the folding of 
pancreatic carboxypeptidases in vivo. Indirect evi- 
dence has also been obtained from site-directed mu- 
tagenesis studies in which mutations affecting rele- 
vant residues in the contact zone of enzyme and 
pro-segment moieties completely abolish secretion 
of the recombinant [71]. In the case of yeast serine 
carboxypeptidase Y, that belongs to a different fam- 
ily, the pro-segment acts as a cotranslational chaper- 
one [73]. Although the structures of metallo and ser- 
ine carboxypeptidases are not readily comparable, 
this observation confirms the high folding capability 
of pro-segments in heterologous systems, as shown 
for other proteases [74]. 

2.2. The pro-segments are inhibitory globular domains 
The original reports on the structure and behavior 
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Fig. 3. Comparison of the sequences of regions in the activation segments of procarboxypeptidases that interact with the enzyme moi- 
ety and affect activity and activation. The sequences correspond, from top to bottom, to the Al, A2 and B forms. The regions around 
residue 40 (left) and the C-terminus of the activation segment (right) are shown; the first residues of every sequence segment (A36 
and A72) are indicated; in this notation A refers to the convention used in the PDB to indicate that such residues belong to the acti- 
vation segment. Above the sequences, the type and size of the secondary structure elements are shown. Strand P4 and helix a3 are 
present in all three sequences, whereas only the B form possesses a 3io helix turn. Thick and thin arrows indicate the location of, re- 
spectively, the primary and the secondary trypsin targets during activation. 



of pro-segments showed that these pieces behave as 
potent (in the nM range) inhibitors of the enzymes in 
the isolated state [75], However, only the pro-seg- 
ments isolated from the A forms of procarboxypep- 
tidases show this property; the isolated segments of 
the B forms are not inhibitory in trans [76,77]. The 
pro-segments, however, do behave as inhibitors of 
carboxypeptidases before trypsin activation occurs, 
rendering the active center inaccessible to protein 
and peptide substrates. Moreover, procarboxypepti- 
dases B are absolutely devoid of intrinsic activity 
while the A forms are able to catalyze the hydrolysis 
of small peptide substrates, probably by diffusion 
through a channel between the pro-segment and the 
enzyme that permits limited access to the active cen- 
ter. 

The sequence identity between the pro-segments 
of digestive metallocarboxypeptidases varies from 
54% between the Al and A2 forms to 27% and 
22% when compared with the B form (for sequences 
see Fig. 3). However, an overall identity in folding 
topology is observed in all the proteins studied so 
far. 3-D crystal structures are available for the Al 
and B porcine zymogens [12,13] and for the human 
A2 zymogen [15], and the structure of the activation 
domain of porcine procarboxypeptidase B has been 
solved by NMR [78]. The pro-segments of all these 
forms fold as an open sandwich antiparallel ot/anti- 
parallel P core followed by an extended oc hehx at the 
C-terminus which connects it to the enzyme moiety. 



The globular core of the pro-segment covers the ac- 
tive site of the enzymes, shielding the S2, S3 and S4 
subsites. In addition, Arg-145 (at SI' in the enzyme 
moiety) is directly bound to Asp-41 from the pro- 
segment in the B proenzyme, a link that is likely to 
strongly contribute to the absolute lack of intrinsic 
proteolytic activity of this form. 

The globular core of the pro-segments of procar- 
boxypeptidases, or activation domain, is a single 
polypeptide of about 80 residues with no disulphide 
bridges and constitutes a good model for studies on 
protein folding and redesign. One such piece, 
ADA2h (activation domain of human procarboxy- 
peptidase A2), has been extensively studied by site- 
directed mutagenesis with the aim of addressing 
questions on protein folding and stability and also 
to get information about the structural determinants 
for the improvement of the inhibitory action of such 
molecules. It has been observed that ADA2h follows 
a two-state transition in the folding process with no 
intermediates [79] and that the initially high stability 
of the protein can be further increased by the im- 
provement of the propensities of helix formation 
through site-directed mutagenesis of selected residues 
in the sequences that form helical structures [80,81], 
The transition state of the folding process has also 
been analyzed by protein engineering and shown to 
be quite compact and with some degree of secondary 
structure [82]. Interestingly, it has also been observed 
that helix redesign may reverse the a-helix to P-sheet 
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transition that occurs with the wild type protein in 
certain conditions (V. Villegas, personal communica- 
tion). 

2 J. Controlled degradation of pro-segments: 
the activation of pancreatic-like 
procarboxypeptidases 

Although pancreatic procarboxypeptidases have 
very similar 3-D structures and share the same basic 
inhibition mechanism - a globular activation domain 
covalently linked to the enzyme moiety that shields 
the active site and maintains the molecule inactive 
until the covalent Unk is broken - their activation 
pathways and rates appear to be very different 
[77,83,84]. Despite the higher identity between Al 
and A2, the Al form shows a slow, biphasic, activa- 
tion pathway as compared to both the A2 and B 
forms which have a faster, monotonic, activation be- 
havior. On the other hand, only the B form is abso- 
lutely devoid of intrinsic activity in the zymogen 
state. 

The activation domains of pancreatic procarboxy- 
peptidases have shown to be stable, globular entities, 
as described above. Therefore, carboxypeptidases 
will be inhibited as long as the activation domain 
of the pro-segment is kept in place. From X-ray dif- 
fraction studies, two regions of the pro-segments are 
clearly responsible for the interaction with the en- 
zyme: the globular activation domain and the con- 
necting region that covalently links both globular 
moieties (see Fig. 1). 

Both regions show significant differences when the 
A and B forms are compared. The connecting region 
is longer and more structured in Al and A2 while it 
is shorter and with poor local secondary structure in 
the B form (see Fig. 3). This difference can explain 
the extremes in activation rate shown by Al and B: 
it could be envisaged that the first activating event 
perturbs the limited local stabihty of the connecting 
region and promotes its release from the enzyme sur- 
face, facilitating the tryptic attack on the secondary 
target, which happens to be more accessible in the B 
form. From this it could be concluded that the length 
and stabihty of the connecting region are the main 
factors responsible for the binding of the pro-piece to 
the enzyme after the initial tryptic cleavage. How- 
ever, that explanation does not fit with the observa- 



tions made with the A2 form, where, despite the 
presence of a connecting region even longer and bet- 
ter structured than in the Al form, the activation 
behavior is closer to that shown by the B form. In 
this case the conclusion drawn from the comparison 
between Al and A2 is just the opposite: it would 
seem that the different velocities of the activation 
processes are mainly determined by the inhibitory 
capability of the activation domain once cut from 
the proenzyme. 

This apparent contradiction suggests that the inhi- 
bition/activation mechanism of me tallo -procarboxy- 
peptidases is the joint result of a number of factors. 
Calculations of surface complementarity and inter- 
action energies have shown that the buried surface 
between the pro-segment globular domain and the 
enzyme is larger in Al [85] and also that the electro- 
static energy is less favorable in the case of A2, fol- 
lowed by B and Al [86]. Thus, both contact areas are 
necessary, and none of them sufficient, to maintain 
the zymogen state of procarboxypeptidases as has 
also been lately shown by site-directed mutagenesis 
studies on the B form [87]. 



3. Heterologous protein inhibitors 

In contrast to endoproteases, for which numerous 
cases have been reported, polypeptides that specifi- 
cally inhibit metallocarboxypeptidases have only 
been found in potatoes, tomatoes, roundworms, 
leech and in some manmiahan tissues [49,88-90]. 
The most extensively studied of these inhibitors is 
the potato carboxypeptidase inhibitor (PCI or CPI) 
which was the first to be characterized by the pioneer 
work of Neurath, Ryan and collaborators. 

3.1, Potato carboxypeptidase inhibitor : from standard 
protein engineering studies to EGF antagonists 
and cancer 

The carboxypeptidase inhibitor from potato, a 39- 
residue protein, is among the smallest globular pro- 
teins described. The 3-D structure is known in aque- 
ous solution [91], and as a crystal complex with car- 
boxypeptidase A [20]. The fold of the inhibitor is 
depicted in Fig. 4. The 27-residue globular core of 
PCI is stabilized by three disulphide bridges and 
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EGF 



PCI 



Fig. 4. Structural comparison between PCI (red) and EGF (green) structures. The a carbon chains are superimposed by their disul- 
phide bridge topology. The Van der Waals surface representation shows equivalent residues colored according to their physicochemical 
properties: magenta for aromatic, green for polar, blue for basic and orange for non-polar residues. 



lacks any regular secondary structure, except for a 
short internal five-residue helix. PCI belongs to the 
cystine-knot or T-knot super-family of proteins, 
named for their particular pattern of disulphide 
bridges [92]. From the 27-residue globular core of 
PCI, a seven residue N-terminal and five residue C- 



terminal tail protrude. No functional role has so far 
been assigned to the N-terminal tail (residues 1-6), 
whose conformation seems to be undefined. The C- 
terminus docks into the active site of carboxypepti- 
dase, leading to a stopper-like inhibition mechanism. 
The inhibitor behaves as a tightly bound peptide 
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product. Its C-terminal residue (Gly-39) is cleaved by 
the enzyme and the rest of the inhibitor remains 
bound to the enzyme by extensive contacts [20]. 
The functional importance of the tail (residues 35- 
39) as the primary contact site to the enzyme, and of 
a short stretch of residues of the core, the secondary 
binding site (residues 28-31) located around Trp-28, 
have been experimentally proved by chemical modi- 
fication studies [93]. Both regions have been shown 
to be essential in binding. In fact, all residues in the 
C-terminal tail estabUsh contacts with CPA except 
Gly-35 [20]. 

Protein engineering is currently being used by our 
research group to analyze the structure-function re- 
lationship in PCI and to redesign it for biotechno- 
logical purposes. The small size of the PCI core and 
the high number of conformational constraints it 
contains (three disulphides in 27 residues) constitute 
a serious challenge for such a redesign. Mutagenesis 
in the core easily perturbs the disulphide pairings and 
the native conformation of the protein. In fact, PCI 
is a good model for studying the problems associated 
with the engineering of small disulphide-rich pro- 
teins. In contrast, its small size and internal rigidity 
faciUtate the computational simulation of protein re- 
design by molecular dynamic (MD) approaches. 

We have cloned and overexpressed, as a soluble 
protein, a synthetic gene for PCI [94,95], and more 
recently the wild type gene [96]. A series of PCI mu- 
tant forms were designed and expressed and their 
inhibition constants for CPA measured. The specific 
mutants, either by replacement or by truncation, 
were chosen according to: (a) mutants of residues 
likely to be involved in the interaction with carboxy- 
peptidase and, (b) mutants putatively related to the 
core stabihty and folding of the PCI molecule. 
Among the most informative mutants are: P36G; 
Y37F; Y37G; V38A; V38G; V38I; V38A; V38F; 
V38L; G39F; G35P+P36G;Y37G+delG39; del- 
G39; delV38G39; delY37V38G39; delP36Y37V38- 
G39 [97]. 

Summarizing the results obtained from the above 
site directed mutants has allowed the identification of 
the key residues for PCI-CPA interaction in the PCI 
tail and the estimation of the energetic contribution 
of their chemical groups to the binding to CPA [97]. 
From the above mutant series, Val-38 was deduced 
to be a key residue: its side-chain hydrophobic con- 



tribution was very important for the stabihty of the 
protease-inhibitor complex (about 50% of the AG). 
The analyses determined that the deletion mutant 
delV38G39 has an inhibition constant for CPA 10^- 
fold higher than that of wild type PCI (wtPCI). The 
interactions of V38 with CPA residues contribute in 
5.4-5.7 kcal mol"^ to the overall stabihty of CPA- 
PCI complex (11.9-12.1 kcal mol"*). Two of the 
mutants with smaller side chains, V38G and V38A, 
allowed the estimation that the contribution of the 
three side-chain aliphatic groups of valine 38 in the 
overall stability of the complex is 3.4-4 kcal moP^ 
Another two mutants with larger side chains, V38L 
and V38I, were constructed, the first one being a 
significantly worse inhibitor than the wild type. 
These results suggest that only ahphatic groups in 
positions (3 and y of residue 38 of PCI - but not those 
in 8 - can estabhsh van der Waals interactions with 
atoms of the active center of CPA and participate in 
binding. The energetic contribution of each methyl/ 
methylene group in those positions can be estimated 
as 1-1.5 kcal moP^ This hypothesis was strongly 
reinforced by computer simulation analysis. The 
above mentioned mutations of residue 38 only af- 
fected the hydrophobicity and volume of its side 
chain. Therefore, we assume that the entropic factors 
of the interaction between PCI and CPA were those 
that suffered most from the perturbation. The 
changes in volume were also compared with the var- 
iation in hydrophobicity, that is, with the tendency 
of the side chain to become buried. A hnear relation- 
ship was found between A(AG) of the complexes cal- 
culated from the experimental data and the increase 
in the excluded volume for the different PCI variants. 
All these results strongly support the hypothesis that 
no side chain ahphatic C5 in position 38 is buried in 
the active site cavity of CPA, probably being in con- 
tact with the water shell of the complex and not 
making any contribution to its stabihty. The SI sub- 
site position in the enzyme, which is located in a 
narrow passage close to residue 38 of PCI, is fol- 
lowed by a wide pocket. Only chemical groups in 
positions p and y of residue 38 would be in appro- 
priate positions to be buried in the active center of 
the CPA, while C5 in mutants V38I and Y38L are 
faced to the water shell. In the case of mutant V38L, 
one of the y methyl groups of Val-38 is absent. In 
wtPCI, this y methyl interacts with the aromatic rings 
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of two CPA residues. In the case of mutant V38I, in 
which both y methyl groups are present, the Ki was 
similar to that of wtPCI. The 8 methyl group of the 
mutant is directed backwards to the PCI core, spe- 
cifically to Trp-28 of PCI, and has no significant 
contacts with CPA. Therefore, it cannot contribute 
to the stabiUty of the complex [97]. 

The C-terminal tail residues that are closer to the 
PCI core seem to play a role in the proper position- 
ing of the tail for the most efficient binding to the 
enzyme. Thus, Gly-35 backbone atoms estabUsh a 
double hydrogen bond with Ala-26 of the core. In 
this context, it is worth mentioning that P36G mu- 
tant presented a lower rate of association of the in- 
hibitor to the enzyme. Computer analysis by molec- 
ular dynamics (MD) suggests this change to be the 
consequence of the higher mobility of the PCI C-tail 
caused by the replacement. The difference between 
the kinetic constants of a synthetic peptide with the 
sequence of the five C-terminal residues of PCI (esti- 
mated Ki about 1 mM), and those of the mutant 
P36G-PCI reflect the importance of the conforma- 
tional rigidity of the C-tail of PCI on its inhibitory 
abihty. Tyr-37 also contributes to such a proper po- 
sitioning. Mutant Y37G shows an increase in K\, 
which allowed to estimate that the contribution of 
the aromatic ring of this residue to the overall stabil- 
ity of the protein-inhibitor complex is about 0.5 kcal 
mor^ This mutant also showed a biphasic behavior, 
becoming a significantly worse inhibitor after the C- 
terminal glycine residue was cleaved by CPA (C. 
Marino, E. Querol and F.X. Aviles, unpublished 
data). Finally, the kinetic constants of deletion mu- 
tants of PCI, show the remarkable fact that two of 
them, delV38G39 and delY37V38G39 appear to have 
the same binding energy. We interpreted this as a 
result of the increased mobihty of the C-tail when 
Val-38 is absent, and the subsequent disruption of 
the interactions of Tyr-37 with CPA residues. 

To gain insight into the essential elements of the 
structure, and to facihtate its redesign, the folding 
and unfolding pathways of PCI has also been inves- 
tigated [98]. Stop/go experiments of both acid and 
iodoacetate-trapped intermediates, followed by RP- 
HPLC have been used for such purpose. The folding 
of PCI proceeds through an initial stage of non- 
specific disulphide formation (packing), followed by 
disulphide reshuffling (consolidation) of partially 



packed intermediates to acquire the native structure. 
The process of non-specific packing involves a se- 
quential flow of fully reduced PCI through 1- and 
2-disulphide intermediates and leads to the formation 
of scrambled 3-disulphide species. All three classes of 
intermediates are highly heterogeneous. Disulphide 
reshuffling occurs at the final stage which refines 
and consoHdates the scrambled species to acquire 
the native conformation. The efficiencies of disul- 
phide formation and disulphide reshuffling can be 
selectively regulated by redox potential. Disulphide 
formation is promoted by cystine or oxidized gluta- 
thione, whereas disulphide reshuffling requires free 
thiols, such as cysteine, reduced glutathione or P-me- 
captoethanol. Consolidation of scrambled species to 
form the native PCI represents the major rate-limit- 
ing step. PCI refolds at diff'erent times (from minutes 
to hours), but when folding of PCI was carried out in 
the presence of 2 mM cystine, more than 98% of the 
intermediates accumulate as the scrambled species 
after 1 min of folding. Furthermore, denaturants 
(5 M GdmCl or 8 M urea) mainly disrupt the final 
stage of PCI folding and exert no apparent influence 
on the early stage of non-specific packing [98]. The 
folding of the PCI was also computationally simulat- 
ed by MD in explicit solvent, although native disul- 
phide bond constraints were introduced. Native 
structures were recovered in most simulations [99]. 

Recently we have cloned the PCI native gene from 
a cDNA Ubrary from mRNA of abcisic acid treated 
potato leaves [96]. The 102 residue sequence shows 
a 29-residue N-terminal signal peptide, a 27-residue 
N-terminal pro-region, the 39-residue mature PCI 
protein and a 7-residue C-terminal extension. The 
cDNA and amino acid sequences are similar to the 
tomato homologous form [100], except for a short 
insertion in the potato cDNA at the pro-region. 
Northern blot analysis demonstrates that the PCI 
gene is transcriptionally activated by wounding, 
and wound signaling can be induced by abcisic or 
jasmonic acids. The protein accumulates within vac- 
uoles. The inabiUty of the pro-form to inhibit car- 
boxypeptidases, and its stability to carboxypeptidase 
digestion, suggest that the C-terminal pro-domain 
may have, besides a probable vacuolar sorting func- 
tion as previously suggested for the tomato isoform 
[100], a role in the modulation of the inhibitory ac- 
tivity of PCI. 
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An interesting result recently found is that PCI 
behaves as an EGF antagonist, the first antagonist 
of human EGF ever reported, therefore being a pu- 
tative antitumor agent [101]. It is known that EGF 
and its receptor (EGFR) are involved in many as- 
pects of the development of carcinomas, including 
tumor cell growth, vascularization, invasiveness and 
metastasis. As EGFR has been found to be overex- 
pressed in many tumors of epitheUal origin, it is a 
potential target for antitumor therapy. It has been 
shown that PCI competes with EGF for binding to 
EGFR and inhibits EGFR activation and cell prolif- 
eration induced by this growth factor. PCI sup- 
presses the growth of several human pancreatic ad- 
enocarcinoma cell lines, both in vitro and in nude 
mice. Although several protease inhibitors have 
been previously reported as potential antitumoral 
agents [102], this is the first case reported where the 
effect is not a result of its protease inhibitory activity 
but of its behavior as an EGF antagonist. Funda- 
mental for the understanding of this observation has 
been the computer program 'KnotMatch' that we 
have developed for the superimposition of proteins 
based on their disulphide bridge topology [103]. This 
new method for comparing protein structures per- 
mits superimposition of two apparently unrelated 
proteins rich in disulphides, allowing the detection 
of similar spatial positioning of residues or secondary 
structures and unexpected relationships between non- 
homologous or remote homologous proteins can be 
disclosed. As mentioned above, PCI has a special 
disulphide scaffold called a T-knot, that is also 
present in several growth factors including EGF 
and TGFa. According to such a comparative ap- 
proach, PCI shows structural similarities with these 
growth factors (Fig. 4), a fact that can explain the 
antagonistic effect of the former. 

3.2, Other metallocarboxypeptidase inhibitors 

3.2. L Tomato carboxypeptidase inhibitor 

Tomatos contain a metallocarboxypeptidase inhib- 
itor (MCPI) with an amino acid sequence highly sim- 
ilar to that of PCI (70% identity at the protein level, 
85% at DNA level, and strong inmaunological cross- 
reactivity). Wounding of the tomato leaves causes a 
100-fold increase in MCPI RNA levels without a 



concomitant increase in MCPI protein level [100]. 
The function of potato and tomato inhibitors is 
probably related to plant defense mechanisms [88]. 

5.2.2. Ascaris suum carboxypeptidase inhibitor 

A. suum is an intestinal parasite that produces sev- 
eral protease inhibitors. Among them an inhibitor of 
carboxypeptidases A and B has been described 
[89,104]. This inhibitor would present a typical stoi- 
chiometry of two molecules of inhibitor to one mol- 
ecule of enzyme. The carboxypeptidase inhibitor is a 
65- or 66-amino acid residues polypeptide (MW 
8 kDa) whose sequence displays some similarity 
with inhibitors from Solanacea at a short 9-residue 
internal stretch and at the C-terminal 5 residues [89]. 

5.2.5. Medical leech carboxypeptidase inhibitor 

We have recently isolated a carboxypeptidase in- 
hibitor from the medical leech Hirudo medicinalis 
[90]. The cDNA encodes a 66-amino acid residues 
polypeptide. It does not show sequence similarity 
to any other protein except at its C-terminal region 
where a certain similarity is found with inhibitors 
from Solanacea, suggesting a similar mechanism of 
inhibition. It is a tight-binding, competitive inhibitor 
for different types of pancreatic-like carboxypepti- 
dases. The resolution of its three dimensional struc- 
ture by X-ray crystallography and NMR is under 
way. 

3.2 A. Rat brain carboxypeptidase inhibitor or tissue 
carboxypeptidase inhibitor (TCI) 
This is the largest proteinaceous carboxypeptidase 
inhibitor reported. The cDNA encodes a 233-amino 
acid residues (MW 26 kDa) protein present in non- 
pancreatic tissues (e.g., brain, lung, digestive tract). 
Its sequence does not present significant homology 
with the rest of reported carboxypeptidase inhibitors 
other than a limited degree of similarity between a 
short segment of its sequence and the activation seg- 
ment of porcine procarboxypeptidase B. TCI is a 
hardly reversible, non-competitive and potent inhib- 
itor of CPAl, CPA2 and mast-cell CPA. It lacks a 
signal peptide, a fact that suggests a cytosoHc local- 
ization. Therefore a rather general functional role, 
such as the control of cytosolic protein degradation 
was suggested [105]. 



296 



/ Vendrell et al. I Biochimica et Biophysica Acta 1477 (2000) 284-298 



Acknowledgements 

This work was supported by Grants BIO97-0511 
and BIO98-0362 from the CICYT (Ministerio de 
Educacion y Ciencia, Spain) and by the Centre de 
Referencia en Biotecnologia (CERBA, Generalitat de 
Catalunya). 



References 

[I] A.J. Barrett, N.D. Rawlings, J.F. Woessner, (Eds.), Hand- 
book of Proteolytic Enzymes Academic Press, London, 
1998. 

[2] N.D. Rawlings, A.J. Barrett, Methods Enzymol. 248 (1995) 
183-228. 

[3] N.M. Hooper, (Ed.), Zinc Metalloproteases in Health and 
Disease, Taylor and Francis Ltd., London, 1996. 

[4] S.J. Garden, C.S. Craick, E. Clauser, E.J. Goldsmith, C.-B. 
Stewart, M. Graf, W.J. Rutter, J. Biol. Chem. 263 (1988) 
17828-17836. 

[5] R. Pascual, F.J. Burgos, M. Salva, F. Soriano, E. Mendez, 

F.X. Aviles, Eur. J. Biochem. 179 (1989) 609-616. 
[6] F.X. Aviles, J. Vendrell, A. Guasch, M. Coll, R. Huber, Eur. 

J. Biochem. 211 (1993) 381-389. 
[7] R.A. Skidgel, in: N.M. Hooper (Ed.), Zinc Metalloproteases 

in Health and Disease, Taylor and Francis Ltd., London, 

1996, pp. 241-283. 
[8] W.N. Lipscomb, N. Strater, Chem. Rev. 96 (1996) 2375- 

2433. 

[9] D.C. Rees, M. Lewis, W.N. Lipscomb, J. Mol. Biol. 168 
(1983) 367-387. 

[10] M.F. Schmid, J.R. Herriott, J. Mol. Biol. 103 (1976) 175- 
190. 

[II] Z. Famming, B. Kobe, C.-B. Stewart, W.J. Rutter, E.J. 
Goldsmith, J. Biol. Chem. 266 (1991) 24606-24612. 

[12] M. Coll, A. Guasch, F.X. Aviles, R. Huber, EMBO J. 10 
(1991) 1-9. 

[13] A. Guasch, M. Coll, F.X. Aviles, R. Huber, J. Mol. Biol. 

224 (1992) 141-157. 
[14] F.X. Gomis-Riith, M. Gomez, W. Bode, R. Huber, F.X. 

Aviles, EMBO J. 14 (1995) 4387^394. 
[15] L Garcia-Saez, D. Reverter, J. Vendrell, F.X. Aviles, M. 

Coll, EMBO J. 16 (1997) 6906^913. 
[16] A. Teplyakov, K. Polyakov, G. Obmolova, B. Strokopytov, 

L Kuranova, A. Osterman, N. Grishin, S. Smulevitch, O. 

Zagnitko, O. Galperina et al., Eur. J. Biochem. 208 (1992) 

281-288. 

[17] S. Rowsell, R.A. Pauptit, A.D. Tucker, R.G. Melton, D.M. 

Blow, P. Brick, Structure 3 (1997) 337-347. 
[18] O. Dideberg, P. Charlier, G. Dive, B. Joris, J.M. Frere, J.M. 

Ghuysen, Nature 299 (1982) 46-47. 
[19] D.S. Auld, B.L. Vallee, Biochemistry 9 (1970) 602-609. 



[20] D.C. Rees, W.N. Lipscomb, J. Mol. Biol. 160 (1982) 475- 
498. 

[21] D.W. Christianson, W.N. Lipscomb, Acc. Chem. Res. 22 
(1989) 62-69. 

[22] B.L. Vallee, D.S. Auld, Biochemistry 29 (1990) 5647- 
5659. . 

[23] H. Kim, W.N. Lipscomb, Biochemistry 30 (1991) 8171- 
8180. 

[24] S.J. Garden, C.S. Craick, D. Hilvert, M.S. Urdea, W.J. Rut- 
ter, Nature 317 (1985) 551-554. 

[25] S.J. Garden, D. Hilvert, J. Barnett, E.T. Kaiser, W.J. Rutter, 
J. Biol. Chem. 262 (1987) 576-582. 

[26] W.L. Mock, J.Z. Zhang, J. Biol. Chem. 266 (1991) 6393- 
6400. 

[27] S. Alvarez-Santos, A. Gonzalez-Lafont, J.M. Lluch, B. 

Oliva, F.X. Aviles, Can. J. Chem. 72 (1994) 2077-2083. 
[28] S. Alvarez-Santos, A. Gonzalez-Lafont, J.M. Lluch, B. 

Oliva, F.X. Aviles, New J. Chem. (1998) 319-325. 
[29] D.S. Reynolds, R.L. Stevens, D.S. Gurley, W.S. Lane, K.F. 

Austen, W.E. Serafin, J. Biol. Chem. 264 (1989) 20094- 

20099. 

[30] K.R. Cole, S. Kumar, H.L. Trong, R.G. Woodbury, K.A. 

Walsh, H. Neurath, Biochemistry 30 (1991) 648-655. 
[31] K.K. Eklund, R.L. Stevens, in: F.X. Aviles Hooper (Ed.), 

Innovations in Proteases and their Inhibitors, Walter de 

Gruyter, Berlin, 1993, pp. 241-258. 
[32] D.L. Eaton, B.E. Malloy, S.P. Tsai, W. Henzel, D. Drayna, 

J. Biol. Chem. 266 (1991) 21833-21838. 
[33] L. Bajzar, R. Manuel, M.E. Nesheim, J. Biol. Chem. 270 

(1995) 14477-14484. 
[34] K. Kokame, X. Zheng, J.E. Sadler, J. Biol. Chem. 273 (1998) 

12135-12139. 

[35] L. Song, L.D. Fricker, Biochem. J. 323 (1997a) 265-271. 
[36] L.D. Fricker, S.H. Snyder, Proc. Natl. Acad. Sci. USA 79 

(1982) 3886-3890. 
[37] K. Kuroki, F. Eng, T. Ishikawa, C. Turck, F. Harada, 

J. Biol. Chem. 270 (1995) 15022-15028. 
[38] L. Song, L.D. Fricker, J. Biol. Chem. 270 (1995) 25007- 

25013. 

[39] L. Song, L.D. Fricker, J. Biol. Chem. 271 (1996) 28884- 
28889. 

[40] X. Xin, O. Varlamov, R. Day, W. Dong, M.M. Bridgett, 
E.H. Leiter, L.D. Fricker, DNA Cen Biol. 16 (1997) 897- 
909. 

[41] R.A. Skidgel, R.M. David, F. Tan, J. Biol. Chem. 264 (1989) 
2236-2241. 

[42] R.A. Skidgel, G.B. McGwire, X.Y. Li, Immunopharmacol- 

ogy 32 (1996) 48-52. 
[43] G.B. McGwire, R.A. Skidgel, J. Biol. Chem. 270 (1995) 

17154-17158. 

[44] E.G. Erdos, in: Erdos EG (Ed.), Handbook of Experimental 
Pharmacology, Springer- Verlag, Heidelberg, 1979, pp. 427- 
448. 

[45] Y. Levin, R.A. Skidgel, E.G. Erdos, Proc. Natl. Acad. Sci. 
USA 79 (1982) 4818. 



/ Vendrell et al I Biochimica et Biophysica Acta 1477 (2000) 284-298 



297 



[46] L. Song, L.D. Fricker, J. Biol. Chem. 272 (1997b) 10543- 
10550. 

[47] Y. Lei, X. Xin, D. Morgan, J.E. Pintar, L.D. Flicker, DNA 

Cell Biol. 18 (1999) 175-185. 
[48] X. Xin, R. Day, W. Dong, Y. Lei, L.D. Fricker, DNA Cell 

Biol. 17 (1998) 897-909. 
[49] E. Normant, C. Gros, J.C. Schwartz, J. Biol. Chem. 270 

(1995) 20543-20549. 
[50] M. Edge, C. Fordes, J. Hennam, L Lee, D. Tonge, L Har- 

dern, J. Fitton, K. Eckersley, S. East, A. Shufflebotham, D. 

Blakey, A. Slater, Protein Eng. 11 (1998) 1229-1234. 
[51] G.K. Smith, S. Banks, T.A. Blumenkopf, M. Cory, J. Hum- 
phreys, R.M. Leathern, J. Miller, CP. Moxham, R.J. Mul- 

lin, P.H. Ray, L.M. Walton, L.A. Wolfe, J. Biol. Chem. 272 

(1997) 15804-15816. 
[52] L.A. Wolfe, R.J. MuUin, R.M. Laethem, T.A. Blumenkopf, 

M. Cory, J.F. Miller, B.R. Keith, J. Humphreys, G.K. 

Smith, Bioconjug. Chem. 10 (1999) 38-48. 
[53] P.J. Keller, E. Cohen, H. Neurath, J. Biol. Chem. 223 (1956) 

457^67. 

[54] P.J. Keller, E. Cohen, H. Neurath, J. Biol. Chem. 230 (1958) 
905-915. 

[55] H. Neurath, Trends. Biochem. Sci. 14 (1989) 268-271. 
[56] F.A. Quiocho, W.N. Lipscomb, Adv. Protein Chem. 25 
(1971) 1-78. 

[57] J.R. Brown, N. Roderick, R.N. Greenshields, M. Yamasaki, 

H. Neurath, Biochemistry 2 (1963a) 867-876. 
[58] B. Kerfelec, C. Chapus, A. Puigserver, A. Eur. J. Biochem. 

151 (1985) 515-519. 
[59] A. Puigserver, C. Chapus, B. Kerfelec, in: P. Desnuelle, H. 

Sjostrom, O. Noren (Eds.), Molecular and Cellular Basis of 

Digestion, Elsevier, Amsterdam, 1986, pp. 235-247. 
[60] C. Wicker, A. Puigserver, FEBS Lett. 128 (1981) 13-16. 
[61] R. Pascual, J. Vendrell, F.X. Aviles, J. Bonicel, C. Wicker, 

A. Puigserver, FEBS Lett. 277 (1990) 37-41. 
[62] J.R. Brown, M. Yamasaki, H. Neurath, Biochemistry 2 

(1963b) 877-896. 
[63] J. Vendrell, F.X. Aviles, B. SanSegundo, CM. Cuchillo, 

Biochem. J. 205 (1982) 449-452. 
[64] F.X. Gomis-Riith, M. Gomez, J. Vendrell, S. Ventura, W. 

Bode, R. Huber, F.X. Aviles, J. Mol. Biol. 269 (1997) 861- 

880. 

[65] H. Neurath, Science 224 (1984) 350-357. 
[66] A. Puigserver, P. Desnuelle, Biochemistry 16 (1977) 2497- 
4501. 

[67] R. Kobayashi, Y. Kobayashi, C.H.W. Hirs, J. Biol. Chem. 

253 (1978) 5526-5530. 
[68] S. Appelros, A. Borgstrom, Biol. Chem. 379 (1998) 893- 

898. 

[69] S.L. Appelros, S. Thim, A. Borgstrom, Gut 42 (1998) 97- 
102. 

[70] F.X. Aviles, B. SanSegundo, M. Vilanova, CM. Cuchillo, C. 

Turner, FEBS Lett. 149 (1982) 257-260. 
[71] M.A. Phillips, W.J. Rutter, Biochemistry 35 (1996) 6771- 

6776. 



[72] V. Villegas, Ph. D. Thesis, Universitat Autonoma de Barce- 
lona, 1994. 

[73] J.R. Winther, P. Sorensen, Proc. Natl. Acad. Sci. USA 88 

(1991) 9330-9334. 
[74] U.P. Shinde, M. Inouye, J. Mol. Biol. 247 (1995) 390- 

395. 

[75] B. SanSegundo, M.C Martinez, CM. Cuchillo, F.X. Aviles, 

Biochim. Biophys. Acta 707 (1982) 74-80. 
[76] M. Vilanova, F.J. Burgos, CM. Cuchillo, F.X. Aviles, FEBS 

Lett. 191 (1985) 273-277. 
[77] F.J. Burgos, M. Salva, V. Villegas, F. Soriano, E. Mendez, 

E. F.X. Aviles, Biochemistry 30 (1991) 4092-4099. 

[78] J. Vendrell, M. Billeter, G.S. Wider, F.X. Aviles, K. Wxi- 
thrich, EMBO J. 10 (1991) 11-15. 

[79] V. Villegas, A. Azuaga, L. Catasus, D. Reverter, P.L. Ma- 
teo, F.X. Aviles, L. Serrano, Biochemistry 34 (1995) 15105- 
15110. 

[80] V. Villegas, A.R. Viguera, F.X. Aviles, L. Serrano, Fold. 

Design 1 (1996) 29-34. 
[81] A.R. Viguera, V. Villegas, F.X. Aviles, L. Serrano, Fold. 

Design 2 (1997) 23-33. 
[82] V. Villegas, J.C Martinez, F.X. Aviles, L. Serrano, J. Mol. 

Biol. 283 (1998) 1027-1036. 
[83] J. Vendrell, CM. Cuchillo, F.X. Aviles, J. Biol. Chem. 256 

(1990) 6949-6953. 
[84] D. Reverter, S. Ventura, V. Villegas, J. Vendrell, F.X. 

Aviles, J. Biol. Chem. 273 (1998a) 3535-3541. 
[85] L Garcia-Saez, D. Reverter, J. Vendrell, F.X. Aviles, M. 

Coll, EMBO J. 16 (1997) 6906-6913. 
[86] P. Aloy, L. Catasus, V. Villegas, D. Reverter, J. Vendrell, 

F. X. Aviles, Biol. Chem. 379 (1998) 149-155. 

[87] S. Ventura, V. Villegas, J. Sterner, J. Larson, J. Vendrell, 
CL. Hershberger, F.X. Aviles, J. Biol. Chem. 274 (1999) 
in press. 

[88] CA. Ryan, BioEssays 10 (1989) 20-24. 

[89] G.A. Homandberg, R.D. Littwiller, R.J. Peanasky, Arch. 
Biochem. Biophys. 270 (1989) 153-161. 

[90] D. Reverter, J. Vendrell, F. Canals, J. Hotsmann, F.X. 
Aviles, H. Fritz, C. Sommerhoff, J. Biol. Chem. 273 
(1998b) 32927-32933. 

[91] G.M. Clore, A.M. Groneborn, M. Nilges, CA. Ryan, Bio- 
chemistry 26 (1987) 8012-8023. 

[92] S.L. Lin, R. Nussinov, Nat. Struct. Biol. 2 (1995) 835-837. 

[93] G.M. Hass, H. Ako, D.G. Grahn, H. Neurath, Biochemistry 
15 (1976) 93-100. 

[94] M.A. MoHna, F.X. Aviles, E. Querol, Gene 116 (1992) 129- 
138. 

[95] C. Marino, M.A. MoHna, F. Canals, F.X. Aviles, E. Querol, 

Appl. Microbiol. Biotechnol. 41 (1994) 632-637. 
[96] J. Villanueva, F. Canals, S. Prat, D. Ludevid, E. Querol, 

F.X. Aviles, FEBS Lett. 440 (1998) 175-182. 
[97] M.A. MoHna, C Marino, B. Oliva, F.X. Aviles, E. Querol, 

J. Biol. Chem. 269 (1994) 21467-21472. 
[98] J-Y. Chang, F. Canals, P. Schinder, E. Querol, F.X. Aviles, 

J. Biol. Chem. 269 (1994) 22087-22094. 



J. Vendrell et al. I Biochimica et Biophysica Acta 1477 (2000) 284-298 



298 

[99] M. Marti, R.H. Stoke, E. Querol, F.X. Aviles, M. Karplus, 

J. Mol. Biol. 284 (1998) 145-172. 
[100] B. Martineau, K.E. McBride, CM. Houck, Mol. Gen. 

Genet. 228 (1991) 281-286. 
[101] C. Blanco, M.A. Molina, J. Mas, E. Fernandez, M.L. 

Frazier, E. Querol, F.X. Aviles, R. Llorens, J. Biol. 

Chem. 273 (1998) 12370-12377. 
[102] W. Trow, A.R. Kennedy (Eds.), Plenum Publishing Corp., 

New York, 1993. 



[103] J.M. Mas, P. Aloy, B. Oliva, M. Marti, R. Llorens, M.A. 
Molina, E. Querol, F.X. Aviles, J. Mol. Biol. 284 (1998) 
541-548. 

[104] G.A. Homandberg, R.J. Peanasky, J. Biol. Chem. 251 

(1976) 2226-2233. 
[105] E. Normant, M.P. Martres, J.C. Schwartz, C. Gros, Proc. 

Natl. Acad. Sci. USA 92 (1995) 12225-12229. 



